INTRODUCTION
Dolomite is a double salt composed of calcium carbonate CaCO 3 and magnesium carbonate MgCO 3 , and is one of the two forms of limestone Kök and Smykats-Kloss, 2001 . Limestone is used for firebrick, manure, soil conditioner, and plaster. The main components of dolomite, CaCO 3 and MgCO 3 , are converted into calcium oxide CaO and magnesium oxide MgO , respectively, following heat treatment. CaO and MgO were found to have antimicrobial activity Sawai et al., 1995a; 1995b , and heated dolomite containing CaO and MgO as the main components has been reported to be antimicrobial. Okouchi et al. 1998 sterile water containing lysozyme Sigma, St. Louis, MO, USA at 500 g/ml and incubated at 37 for 60 min. The spores were centrifuged three times in sterile water at 5,000 x g for 10 min, resuspended in sterile water, and heated at 80 for 10 min in a water bath to remove vegetative cells. The final spore suspension was stored at -20 . The identify of the spores was confirmed by staining with methylene blue Hoffman and Markiw, 1977 . B. subtilis spores were incubated for 60 min in 0.05 M sulfuric acid solution pH 1 or 0.1 M sodium hydroxide solution pH 13 to investigate their viability following exposure to strong acid or strong base.
Spore treatment by HDP
Powder slurry 20 ml was poured into a vial internal diameter 32 mm and agitated using a magnetic stirrer at 250 rpm. The slurry temperature was controlled at 37 by using a water bath. The spore suspension 200 µl was pipetted into the slurry at an initial concentration of approximately 10 5 CFU/ml. Samples 100 µl were periodically taken from the slurry, diluted in sterile saline 0.85% w/v , and pour-plated with nutrient agar. Colonies were counted following incubation at 37 for 24 h.
Chemiluminescence analysis
Active oxygen species generated from the HDP were detected as the chemiluminescent response of the reaction between luminol and active oxygen species, as described by Kohtani et al. 2008 . A Mithras LB09470 microplate reader Berthold Technologies, Bad Wildbad, Germany was used for measurements. One hundred-microliter samples of HDP slurry were pipetted into 96-well microplates, and the chemiluminescence reaction was initiated by adding 50 l of 7 mM luminol Nacalai Tesque, Kyoto, Japan . Chemiluminescence was then recorded by the microplate reader. To examine the effects of antioxidative enzymes, 25 µl of 0.1 mg/ml superoxide-dismutase SOD or 0.1 mg/ml catalase solution Wako Pure Chemical Industries was added to the wells from the dispenser prior to the addition of Sawai et al., 2005 . Moreover, polyethylene and polyvinyl chloride mixed with HDP was also reported to exhibit antimicrobial activity, and this result was put into practical use Wiedemann, 1987 . Yamana et al. 2007 and Motoike et al. 2008 reported that HDP showed strong antiviral activity against H3N2 human influenza virus and H5N3 avian influenza virus. Therefore, dolomite is expected to be useful for inhibiting the incidence of infectious diseases. However, the effect of HDP against bacterial spores has not been investigated.
Some species of bacteria, such as Bacillus and Clostridium species, produce spores in their stationary phase of growth. The spores are capable of long dormancy and are resistant to heat and various chemicals Sykes, 1970 . Bacterial spores have caused many serious problems in food processing and medical treatment, such as food poisoning and infection Kasai et al., 2005; Kennedy et al., 2004; Viedma et al., 2011; Welt et al., 2003 . Therefore, inactivation of bacterial spores is an important concern in these fields. In this study, we investigated the sporicidal activity of HDP against B. subtilis spores.
MATERIALS AND METHODS

Sample preparation
Dolomite Yoshizawa Lime Industry Co., Tochigi, Japan produced in Tochigi Prefecture in Japan was used; the composition of the dolomite is shown in Table  1 . The dolomite powder was heated to 700-1000 in air for 1 h, and then ground using a planetary ball mill to a mean particle size of approximately 5 µm. Powder slurry was prepared by suspending the ground dolomite powder in saline. The phases of the dolomite powder were analyzed by X-ray diffraction XRD measurements RINT-2500 VHF; Rigaku, Tokyo, Japan .
Pure CaO and MgO Wako Pure Chemical Industries, Osaka, Japan were heated for 1 h at 250 , and then ground using the ball mill to a mean particle size of approximately 5 µm prior to use.
The pH of the HDP slurry was determined by placing a pH probe IM55G, DKK-TOA Co., Tokyo, Japan into a vial of the slurry, which was agitated in a water bath at 250 rpm until the pH value was stable.
Test organisms
B. subtilis ATCC6633 was incubated in brain heart infusion broth Eiken Chemicals, Tokyo, Japan at 37 for 20 h. The culture was spread on a nutrient agar Eiken Chemicals plate. After incubation for 10 days at 37 , colonies were harvested using a small amount of sterile water and centrifuged at 5,000 x g for 10 min three times. The resulting pellet was resuspended in Analysis was conducted according to JIS Japanese Industrial Standards R 9011.
spores treated with CaO became steeper with time Sawai et al., 1995b; Sawai, 2011 . HDP, the main component of which is CaO, showed a trend similar to that of CaO alone. CaO and MgO, which are main components of HDP, become Ca OH 2 and Mg OH 2 , respectively, following a hydration reaction. The solubilities of Ca OH 2 and Mg OH 2 at 37 in the HDP are 1.3 and 0.012 mg/mL, respectively The Chemical Society of Japan, 2004 . The pH of the HDP slurry is constant at concentrations over 2 mg/mL pH 12.6 because the concentrations of both Ca OH 2 and Mg OH 2 exceed the solubility. Nevertheless, the sporicidal activity of HDP was much higher than alkaline treatment at pH 13 NaOH alone, and increased with increases in concentration from 2-4 mg/mL. Based on these results, we concluded that the HDP has other sporicidal factors in addition to its alkaline pH.
Effect of HDP heating temperature
FIG. 2 shows the effect of HDP heating temperature 700-1000 on sporicidal activity. HDP concentration was 5 mg/ml. There was no reduction in the survival ratio of B. subtilis spores when treated with HDP heated to 700-750 , even when the incubation period was extended to 120 min. Only HDP heated to higher than 800 exhibited sporicidal activity, and the activity increased with the heating temperature.
Many studies have described the thermal decomposition of dolomite Kök and Smykats-Kloss, 2001; Li and Messing, 1983; 1984; Ozao et al., 1991 . The thermal decomposition curves of dolomite show two luminol.
All experiments were carried out in duplicate on three different occasions. Data points with bars represent means standard error.
RESULTS AND DISCUSSION
Sporicidal activity of HDP against B. subtilis spores FIG. 1 shows the survival of B. subtilis spores treated with HDP heated at 1000 . The ordinate is the ratio of the CFU of B. subtilis spores post-treatment N divided by the pre-treatment CFU N 0 , representing the survival ratio. The pH values of HDP slurries at 1.0 mg/ml and >2.0 mg/ml were 12.5 and 12.6, respectively. B. subtilis spores were incubated for 60 min in 0.05 M sulfuric acid solution pH 1 or 0.1 M sodium hydroxide solution pH 13 to investigate their viability following exposure to strong acid or strong base. Although alkaline treatment at pH 13 for 2 h 0.1 M NaOH, 37
did not decrease the survival ratio of B. subtilis spores data not shown , the HDP slurry caused one order of magnitude reductions in spore survival at 3 mg/ml HDP for 1 h. The sporicidal activity was relatively constant at HDP concentrations greater than 4 mg/ml. These results confirmed that the HDP could kill the B. subtilis spores. Survival rates of vegetative bacterial cells treated with CaO followed first-order kinetics, with a linear relationship between the logarithmic survival ratio and treatment time Sawai et al., 2005 . In contrast, the survival curves for B. subtilis 
Sporicidal activity of pure CaO and MgO
To further investigate the sporicidal activity of HDP, the individual sporicidal activities of CaO and MgO were examined . FIG. 4 MgCa CO 3 2 MgO + CaO + 2CO 2 2 When the decomposition of dolomite is carried out in air, these two peaks or two steps show considerable overlap and are difficult to resolve. It was reported that dolomite showed complete decomposition to the oxide mixture of MgO and CaO in a one step-TG curve when the partial pressure of CO 2 was less than 4 10 2 Pa Wiedemann, 1987 . FIG. 3 shows the XRD pattern of HDP used in this study following heat treatment at various temperatures 700-1000
. The diffraction peaks for CaCO 3 decreased as the heating temperature increased, and no peaks were detected at 1000 . On the other hand, the diffraction peaks for CaO appeared at temperatures greater than 800 , and became sharper as the heating temperature increased. The diffraction peaks for MgO were observed at temperatures greater than 700 . The XRD measurement was consistent with the sporicidal activity of HDP, shown in FIG. 2, and indicates that the killing of B. subtilis spores by HDP heated at temperatures higher than 800 is caused by the generation of CaO. 
showed that although CaO or MgO powder slurry is alkaline, CaO or MgO powder slurry made E. coli more sensitive to chloramphenicol and rifampicin, which did not occur in the case of alkaline treatment Sawai et al., 1997 . Mendonca et al. 1994 reported that high-pH treatment did not damage E. coli, Salmonella Enteritidis, or Listeria monocytogenes cells in selective and nonselective media. In addition, Mendonca et al. 1994 proposed that high pH had an all-or-nothing effect. Our previous results agreed with those of the their study Sawai et al., 1997 . This suggested that HDP powder has other sporicidal mechanisms in addition to alkalinity. For CaO and MgO, the generation of active oxygen species such as superoxide anions has been observed from a powder slurry Sawai et al., 1996 . Active oxygen species have strong oxidizing abilities, and cause protein inactivation and DNA injury Sawai et al., 1996 . The change in sensitivity of E. coli treated with CaO or MgO is consistent with that caused by active oxygen treatment Sawai, 2011 . Thus, active oxygen species could also be a primary mechanism of the antibacterial activity of CaO and MgO. Results from a multiparameter flow cytometry study by Hewitt et al. 2001 supported these conclusions.
Results from these previous studies indicated that HDP, which contains CaO and MgO as the main components, generates active oxygen species. We therefore investigated whether active oxygen species were generated from the HDP slurry. The chemiluminescent response of HDP by addition of luminol is shown in in the current study indicate that the sporicidal activity of HDP is likely due to CaO but not MgO.
We then investigated the sporicidal activity of a mixture of CaO and MgO. MgO powder 0-6 mg/mL was mixed with 3 mg/mL of CaO powder slurry. Even when the concentration of MgO powder in the mixture was increased, the sporicidal activity of the mixture did not change, and was equivalent to that of CaO at 3 mg/ mL data not shown . The HDP slurry prepared to a concentration of 4.72 mg/mL, in which the CaO was included at 3 mg/mL, was then compared with the CaO powder slurry at 3 mg/mL. In this case, the sporicidal activity of the two solutions was equivalent, suggesting that MgO in HDP does not contribute to the sporicidal activity of HDP FIG. 5 .
Active oxygen species generated from HDP as a possible factor of sporicidal activity
Although the alkalinity resulting from the hydration of CaO is considered to be the primary mechanism of the sporicidal activity of HDP, the sporicidal activity of HDP slurry, as shown in FIG. 1 , was much higher than that of alkali treatment with NaOH at the same pH. The pH of this thin water layer formed around the HDP may be much higher than its equilibrium solution as one possible mechanism for the highly effective sporicidal activity of HDP. When HDP is in contact with the bacterial cells, the high concentrated OH groups in this thin surface water layer could be damaging the membrane and result in the death of the cells Dong et al., 2010; Sugiyama et al., 1995 . However, previous How the active oxygen is produced is poorly understood at present. Krishnamoorthy et al. 2012 investigated the antibacterial activity of MgO, which, like CaO, is an alkaline-earth metal oxide. They suggested that the antibacterial activity of MgO relies on the presence of defects or oxygen vacancies at the surface. Since CaO and MgO are readily hydrated and forms a surface layer of Ca OH 2 and Mg OH 2 , respectively, they readily establish surface-bound electron-hole pairs that can decompose into a surface trapped electron and a localized hole state Berger et al., 2005; Sterrer et al., 2000 . Thus, CaO and MgO behave as a typical oxide catalyst, reacting with molecular oxygen O 2 to form superoxide radicals O 2 . The mechanism by which alkaline-earth metal oxides such as CaO and MgO exert their antimicrobial effects requires clarification through further study.
In conclusion, we determined that HDP could kill B. subtilis spores, which generally have a high level of resistance to chemical and physical stresses. Results obtained in the current study indicate that the sporicidal activity of HDP is likely due to CaO but not MgO. Although high pH is certainly the main cause of antimicrobial activity, active oxygen species generated from HDP are also likely sporicidal factors. Dolomite was recently reported to be effective for maintaining hygiene in livestock barns, such as pig pens and cow sheds. Dolomite showed good spreadability and almost the same antimicrobial efficacy as hydrated lime, which is widely used in livestock housing Tanski et al., 2006 . Dolomite is also expected to be developed for use in the control of microbes in food processing and the environment.
